Abstract. Laboratory experiments were conducted to study solute transport along preferential flow paths in unsaturated, inclined fractures. Qualitative aspects of solute transport were identified in a miscible dye tracer experiment conducted in a transparent replica of a natural granite fracture. Additional experiments were conducted to measure the breakthrough curves of a conservative tracer introduced into an established preferential flow path in two different fracture replicas and a rock-replica combination. The influence of gravity was investigated by varying fracture inclination. The relationship between the travel times of the solute and the relative influence of gravity was substantially affected by two modes of intermittent flow that occurred: the snapping rivulet and the pulsating blab modes. The measured travel times of the solute were evaluated with three transfer function models' the axial dispersion, the reactors-in-series, and the lognormal models. The three models described the solute travel times nearly equally well. A mechanistic model was also formulated to describe transport when the pulsating blab mode occurred which assumed blobs of water containing solute mixed with residual pools of water along the flow path.
epoxy replica of a natural granite fracture to identify the qualitative features of transport. Breakthrough curves of a conservative tracer demonstrate different flow regimes depending upon the relative influence of gravity along an established flow path. These breakthrough curves are analyzed with three transfer function models, and a mechanistic model is also developed to describe solute transport when flow undergoes cycles of snapping and reforming, or intermittent flow.
Solute Transfer Functions
Because of the complexity of flow in unsaturated fractures, transfer functions have been suggested as a potential alternative to describe transport through fractured rock at the field scale [Chesnut, 1992; Pruess et al., 1999] . This approach simplifies complex systems by characterizing the output solute flux as a function of the input flux [Jury, 1982; Jury and Roth, 1990] . The simplicity of the transfer function makes it an appealing alternative to continuum-based models of unsaturated flow.
The transfer function has been successful in describing solute transport in unsaturated, heterogeneous soils at the laboratory and field scale [e.g., Zhang, 1995] even though assumptions about flow mechanisms are not accounted for using this approach.
For solute transport the transfer function is the probability density function (pdf) of the solute travel times. In chemical reactor modeling the pdf is referred to as the residence time distribution instead of the transfer function [Levenspiel, 1972] . The transfer functions that will be used to analyze the solute breakthrough curves in this study are the axial dispersion, the reactors-in-series, and the lognormal models. The pdf's of the solute travel times can be characterized by the first and second moments of the pdf's, which are defined respectively, as tx = tE(t) dt (1) 0 ø2= (t-/x)2E(t) dt,
where E(t) is the pdf of the system for a pulse input (delta function), t is time,/x is the first moment of the pdf, and 002 is the second moment.
Axial Dispersion Model
The axial dispersion transfer function model is derived from the one-dimensional advection-dispersion equation. It is assumed that the medium is homogeneous and that the velocity and dispersion coefficient are constants in the domain studied. The pdf of this model is given by [Levenspiel, 1972] Pe tmPe 
E(t) = • t-• exp ----•(1 --tin) 2 , (3)
Information on the first and second moments allows one to determine the two unknown parameters in the axial dispersion model, t m and Pe.
Reactors-in-Series Model
In the reactors-in-series model the system is modeled as a series of perfectly mixed volumes of equal size. The pdf for n reactors in series is given by [Levenspiel, 1972] 
En(t)--(//--1)! (•)n exp -. (7)
The first moment of this model is equal to the mean residence time of the solute, and the second moment is a function of n and = --.
When measurements provide data to determine/• and 0 '2, then (8) provides the best estimate of the number of reactors, n.
Lognormal Transfer Function
The lognormal transfer function has been successful in predicting pdf's in unsaturated, heterogeneous porous media [Jury, 1982] and has also been suggested to model pdf's in heterogeneous fractured media [Chesnut, 1992] . The pdf for the lognormal transfer function is [Jury, 1982] =--exp -• --ln .
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The first and second moments of a lognormally distributed function are defined as [Benjamin and Cornell, 1970] /.L --/.Lln t exp • 00•nt (10)
where/.Lln t is the first moment of logarithmic t and •nt is the second moment of logarithmic t.
Apparatus and Experimental Procedures
Four tracer experiments were performed in this study with the conditions summarized in Table 1 . A miscible dye tracer experiment was performed in experiment 1 to qualitatively examine transport along a preferential flow channel. The established flow channel was initially saturated with dyed water (0.2% Liquitint by volume, Milliken Chemical, Inman, South Carolina) before clear water was introduced into the flow channel at the same flow rate. Chemical properties of the dyed water are summarized by Suet al. [1999] . Experiments 2-4 were conducted to determine pdf's of a conservative tracer An epoxy replica of a natural granite fracture from the Stripa Mine in Sweden was used in experiments 1-3. The procedures for fabricating these epoxy replicas are detailed by Persoft and Pruess [1995] . The same replica was used in experiments 1 and 3 and is denoted as epoxy replica I in Table 1 . A different replica of the same rock fracture, epoxy replica II, was used in experiment 2. In experiment 4, one half of an actual granite rock fracture, also from the Stripa Mine in Sweden, was mated to an epoxy replica of the other half (rockreplica). The fracture used in the rock-replica experiments was a different sample than the one used in experiments 1-3. The rock-replica combination was used to incorporate the effect of the surface chemistry of the rock while still providing for flow imaging. Contact angle measurements of water on epoxy and smoothed granite using the capillary rise method resulted in values of •-63 ø for the epoxy and •-60 ø for the granite [Geller et al., 1996] . Spreading of a water drop was observed on a fracture surface of the same rock used in the contact angle measurements, indicating that small-scale roughness and nearsurface porosity along the surfaces of natural rock fractures may play an important role on wetting behavior [Geller et al., 1996] .
Before each experiment the flow cells were washed with distilled, deionized water. The epoxy replica surfaces were then rinsed with methanol and allowed to air dry, while the rock fracture surface was allowed to air dry for --•20 hours after it had been washed with water. The relative humidity of the room was around 50% and the temperature was ---20øC. The dimensions of the replica-only fracture were 21.5 x 33 cm, while the rock-replica fracture had dimensions of 18.5 x 20.5 cm. The fracture replica and rock-replica were loaded between an aluminum frame with six confining bolts and then mounted over an inclined light table. Fracture aperture statistics were not measured in these experiments, but prior analysis performed for this type of fracture resulted in a mean aperture of 0. 
Analysis of Breakthrough Curves: Experiments 2 and 4
The three transfer function models used to evaluate the measured BTCs are written for a delta function input (equations (3), (7), and (9)). Since the measured data comes from a step function input, differentiation of the BTCs to obtain the pdf's of the travel times was performed to analyze the results: Table 3 . The calculated parameters used in the axial dispersion, the reactors-in-series, and the lognormal models are also presented in Table 3 . The curves corresponding to the different transfer function models are 
where N is the number of data points, E/,calc is the calculated value of the pdf, and g i .... s is the measured value of the pdf. 
(16) Sr----N-K '
where K is the number of independent parameters in each model and K = 2 for the three models used in this study. The ratio between the two models must be calculated such that F -> 1. Since three models were used in this study, three F values were calculated for each case to compare the performance of all the models. In order to determine whether one model performs better than another one the calculated F values must be compared to a critical F value (Fcrit). If the calculated F value is significantly higher than the critical value, model 2 (denominator) describes the measured data better than model 1. Otherwise, the performance of the two models is approximately the same. Only the maximum F value (Fmax) calculated for each case is summarized in Table 3 Table 3 . In order to select Fcrit the degrees of freedom in the numerator and denominator in F must be known and are equal to N -2 for both. In our results, only Fma x calculated for experiment 2 at Q = 5 mL h -•, 45 ø, was significantly larger than Fcrit. These results and the small differences in the RMSE indicate that the three models generally describe the measured travel times nearly equally well.
Analysis of Breakthrough Curves: Experiment 3
The BTCs from experiment 3 were analyzed by formulatirig a mechanistic model which accounted for intermittent flow.
Under these conditions a series of blobs formed, disconnected, and then coalesced with a pool of water along the bottom (see angle of inclination increased, the average travel time increased when flow was intermittent compared to when flow was steady. The BTCs were analyzed with three transfer function models: the axial dispersion, the reactors-in-series, and the lognormal models. The three models described the measured travel times nearly equally well based on statistical analysis, with the lognormal model generally having the least mean residual error. However, all the models underestimated the peaks of the travel time pdf's. Further studies should be conducted to examine how accurately these models predict solute transport within unsaturated fractures since this study only evaluated the ability of these models to describe the effluent solute travel times. A mechanistic model was also formulated to describe transport when the pulsating blab mode of intermittent flow occurred. The measured BTC was successfully fit to this model, which assumed complete mixing of the blab containing solute with residual pools along the flow path. These laboratory experiments demonstrate that small-scale mechanisms can substantially impact transport in unsaturated fractures. Other factors affecting transport will inevitably occur at different scales. At larger scales a network of flow channels may join, divide, and enter into perched water bodies. Improving conceptual models for flow and transport in unsaturated fractures requires an understanding of the processes occurring at many different scales.
